) was analysed by sequencing (see Figure 1B) . The heterogeneity at the expected 1 0 0 positions was clear in each case (this does not prove that each of the possible codons was 1 0 1 present but indicates it is likely). Full-length RNA transcripts were produced, in vitro, and introduced into BHK cells. Infectious virus was generated and passaged in fresh cells. RNA was then extracted from the 1 0 4 virus harvests and the sequence encoding the 2A peptide was amplified by RT-PCR. The 1 0 5 6 pool of amplicons was introduced into the pCR-XL-TOPO vector and then the sequence of 1 0 6 the inserts in 20 individual colonies was determined for each virus harvest. It was found that 1 0 7 all of the rescued viruses analysed after passages p2, p3 and p4 encoded the wt amino acid 1 0 8 sequence at the NPGP motif in 2A. Interestingly, the complete spectrum of the possible 1 0 9 synonymous codons for each of the residues N 16 , P 17 , G 18 and P 19 was present in the rescued 1 1 0 viral genomes at p2 (see Table 1 ). These results indicated that the approach had indeed 1 1 1 generated a diverse pool of codons within the viruses. Furthermore, the very restricted range 1 1 2 of nucleotide sequences encoding 2A observed within the rescued viruses strongly suggests 1 1 3 that the specific amino acid sequence (NPGP), encoded by these nucleotide sequences, is 1 1 4 critical for FMDV viability. However, it was also apparent that the utilization of the different codons for the conserved 1 1 6 amino acid residues varied. At p2, 55% of the sequences analysed had the wt codon for 1 1 7 residue N 16 (AAC) while the synonymous AAT codon was present in the remaining 45% of 1 1 8 the rescued sequences. In the subsequent passages, the proportion of the AAC codon within 1 1 9 the sequences increased to 75% and 95% by p3 and p4 respectively while the incidence of the 1 2 0 AAT codon declined (Table 1) . For residue P 17 , at p2, the codon CCT was present in 55% of 1 2 1 the colonies analysed and increased to 100% by p4. Each of the three other possible codons 1 2 2 for P 17 (CCC, CCA and CCG) were also observed at p2 but each declined as the wt codon 1 2 3 became dominant. For residues G 18 and P 19 , the wt codons (GGG and CCC respectively)
were in the minority (10 or 20%) at p2 and each of the synonymous codons were also present. However, interestingly, by p3 the wt codons had markedly increased to 50% abundance and 1 2 6 by p4 were dominant (≥90% abundance). For G 18 , the GGA codon was the most abundant at 1 2 7 p2 but declined during further passages to be only 10% of the sequences at p4. Similarly, for 1 2 8 P 19 the CCT codon was present in 50% of the sequences at p2 but declined to just 5% by p4. Strikingly, by p3, the wt codon was present in 50-75% of the population at each of the 4 1 3 0 7 residues and by p4 the wt codon was present in 90-100% of the virus population in each case 1 3 1 (Table 1) . Thus, it appears that selection occurs for the wt nucleotide sequence during 1 3 2 passage of the rescued viruses in cell culture. The wt GGGCCC nt sequence encoding residues G 18 and P 19 is recognized in DNA by the 1 3 4 restriction enzyme ApaI (see Figure 1A ). Hence, it was possible to deplete the cDNA 1 3 5 amplicons generated by RT-PCR, of the wt sequence from the rescued viruses by digesting 1 3 6 them with ApaI prior to the cloning step (it was anticipated that this should enhance the 1 3 7 detection of non-wt nucleotide sequences). The residual, full-length, 650bp amplicons were 1 3 8 inserted into the pCR-XL-TOPO vector, as described above, and the plasmid DNA from 1 3 9 individual colonies was sequenced. As expected, the wt codons for G 18 and P 19 were no 1 4 0 longer observed in the cloned fragments (Table 2 ) and the G 18 (GGA) and P 19 (CCT) codons 1 4 1 were predominant in these enriched populations. These results are consistent with those 1 4 2 obtained without the ApaI digestion (since the GGA and CCT codons were also present in 1 4 3 50% of the fragments at p2 without this treatment, see Table 1 ) but clearly the apparent 1 4 4 abundance of these non-wt codons is enhanced following the ApaI digestion (Table 2) , as 1 4 5 anticipated. The enrichment for non-wt sequences did not result in the detection of codons for 1 4 6 alternative amino acids within the virus population. It had been anticipated that some amino 1 4 7 acid substitutions at residue N 16 might be rescued since a mutant (with N 16 changed to H) has 1 4 8 been shown to be viable (Kjaer J and Belsham GJ, submitted) but, presumably, it was It is interesting to note that the G 18 (GGA) and P 19 (CCT) codons have previously been found 1 5 1 to be the second most abundant codons found in FMDV genomes from all seven serotypes 1 5 2 (see Gao et al. 2014 ). This comparison of FMDV sequences also indicated that the alternate 1 5 3 codon for N 16 (AAC) is present in only a small minority of FMDV genomes and CCC is also 1 5 4 a minor population of the codons used for residue P 17 . The results presented in Table 1 1 5 5 these viruses do not appear to be stably maintained in cell culture and are apparently selected The evidence presented here strongly suggests that there is a distinct selection, within the 1 5 9
virus when grown in cell culture, for codon AAC for N 16 , CCT for P 17 , GGG for G 18 and 1 6 0 CCC for P 19 ; thereby indicating that synonymous codon usage for this conserved motif is 1 6 1 biased in these rescued viruses. It is particularly noteworthy that the codon preference for P 17 1 6 2 and P 19 is different (CCT and CCC respectively). This raises the question of why does the conceivable that synonymous codons may influence the cleavage efficiency through the 1 6 7 FMDV StopGo mechanism. As indicated above, a marked codon bias within the FMDV 1 6 8 genome is apparent from the alignment of diverse FMDV 2A sequences as described by Gao interpreted as showing that it is the amino acid residue rather than the nt sequence which is 1 7 3 critical for achieving cleavage (Gao et al. 2014 ). However, using that assay system, the 1 7 4 "cleavage" efficiency was only about 88-89% while essentially 100% cleavage occurs within 1 7 5 the native context, as in the virus. The results obtained here (see Table 1 ) indicate that two 1 7 6 separate selection effects may be operating. There is a clear selection for the NPGP motif at the amino acid level. However, in addition, there is a distinct codon bias within the context of 1 7 8 the rescued infectious viruses and a significant selection pressure appears to exist for the wt sequence. This effect is fully consistent with the codon bias observed in the analysis of natural FMDV genomic sequences (Gao et al. 2014) . This suggests that the FMDV RNA 1 8 1 sequence itself (rather than just the encoded amino acid sequence) affects the "cleavage" 1 8 2 process (StopGo mechanism) at the 2A/2B junction. Such an effect could be achieved 1 8 3 through a direct interaction of the RNA sequence itself or potentially through interactions 1 8 4 with the specific charged tRNAs involved in the translation process. In the case of the P 17 and 1 8 5 P 19 codons, it is interesting to note that the same type of prolyl tRNA (with an IGG 1 8 6 anticodon) has been reported to be used for decoding of the CCC and CCU codons in human 1 8 7 cells (no gene for a tRNA that is cognate for CCC was identified, see Mauro and Chappell, 1 8 8 2014). However, in the current database of tRNA sequences from the Lowe laboratory, it 1 8 9 appears that in humans, 1 of 23 genes for prolyl tRNAs has a GGG anticodon with 10 copies 1 9 0 having an AGG anticodon. In the mouse genome, 1 of 20 genes for the prolyl tRNAs has the 1 9 1 GGG anticodon and 8 genes have the AGG anticodon (see the gtrnadb.ucsc.edu database 1 9 2 described in Chan and Lowe (2009)). Interestingly, in cattle and pigs (major hosts for 1 9 3 FMDV) and also in the rat, there is no gene for a prolyl tRNA with a GGG anticodon. Thus, 1 9 4 it is not clear whether a single, post-transcriptionally modified prolyl tRNA recognizes these 1 9 5 two Pro codons (at least some of the time) or if different tRNAs are involved in the hamster 1 9 6 cells used here. If a single tRNA is involved in recognizing both codons (as in cattle, pigs and 1 9 7 rats), then it seems that the RNA sequence itself must be influencing the StopGo process; it 1 9 8 seems unlikely that this effect is mediated through some secondary or tertiary RNA structure, 1 9 9 as this would presumably be lost on the ribosome during the process of translation. It will 2 0 0 clearly be important to analyse the effect of the presence of the non-optimal synonymous 2 0 1 codons on "cleavage" at the 2A/2B junction in its native context. substitutions in place of the N 16 , P 17 , G 18 and P 19 residues, respectively, were constructed.
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This was achieved using a 2-step site-directed mutagenesis procedure. This is a variation of PCR, the templates used were modified versions of the pT7S3 with the codons for N 16 , P 17 , 2 1 3 G 18 or P 19 changed to encode an alanine (A) residue in each case (see Figure 1A ). These round of PCRs used the forward mutagenic 2A PCR primers (Table 3) , with a single reverse 2 1 8 primer 8APN206 (Table 3) plus the four different modified pT7S3 plasmids as templates and 2 1 9 generated amplicons of ca. 450 bp. These primary PCR products were then used as 2 2 0 megaprimers for a second round of PCR with the respective mutant pT7S3 plasmids as 2 2 1 templates to produce full-length plasmids. Following DpnI digestion, the products from each 2 2 2 reaction were introduced into E. coli and grown as separate pools. The plasmid pools were Analyzer (Applied Biosystems). Plasmid DNA isolated from each pool was linearized by digestion with HpaI and RNA 2 2 8 transcripts were prepared using T7 RNA polymerase (Ambion T7 MEGAscript) at 37°C for 4 2 2 9
hours. The integrity of the transcripts was assessed on agarose gels and quantified by 2 3 0 1 1 spectrophotometry (NanoDrop 1000, Thermo Scientific) after which they were introduced 2 3 1 into BHK cells by electroporation, as described previously (Nayak et al. 2005 viruses were harvested by freezing and then amplified through three passages (p2, p3 and p4) 2 3 5 in BHK cells. RNeasy Mini Kit, Qiagen) and converted to cDNA using ready-to-go you-prime first-strand 2 4 0 beads (GE Healthcare Life Sciences). FMDV cDNA, which included the whole 2A coding 2 4 1 region, was amplified in PCRs (AmpliTaq Gold DNA polymerase, Thermo Scientific) using 2 4 2 primers 8APN206 and 8APN203 (see Figure 1 and Table 3 ). Control reactions, without RT, 2 4 3 were used to ensure that the analysed products were derived from RNA and not from the clones (20 colonies for each of the 4 residues) was determined using the same reverse primer 2 5 0 as used for the PCR. The fragments from codon mutants G 18 and P 19 were also enriched for 2 5 1 the non-wt sequence populations by digestion of the cDNA with ApaI prior to gel purification 2 5 2 and insertion into the pCR-XL-TOPO vector as described above. 
